ABSTRACT: Natural populations of the planktonic cyanobacteria Synechococcus spp. exhibit a diel pattern in the frequency of dividing cells (FDC). Based on this observation, we tested the applicability of the FDC technique for estimating growth rate of a population grown on a IighWdark cycle. In laboratory experiments, the phycoerythrin-containing strains WH7803, WH8012, WH8107, and WH8108 were grown under various light and temperature conditions and the duration of division, td, a parameter necessary for the calculation of growth rate, was determined to be 3 h. Using this td value, growth rates of oceanic populations exhibiting diel patterns in FDC were found to range from 0.42 to 0.86 d-l, and these values exceed previous estimates of phytoplankton growth rates in oligotrophic regions. In experiments conducted at a Sargasso Sea station, growth rates calculated by the FDC technique were in close agreement with calculated instantaneous growth rates. In all cases, growth rates were higher for samplesincubated at surface light intensities than at 1 % surface light intensities. Using this technique under appropriate conditions, strain-specific growth rates can b e determined.
INTRODUCTION
Cyanobacteria of the genus Synechococcus are a well-recognized component of the photosynthetic biomass in most regions of the world's oceans (Johnson & Sieburth 1979 , Waterbury et al. 1979 , Glover 1985 . Generally, estimates of the contribution by Synechococcus spp. to primary production are inferred from size-fractionation data. From such studies in several open ocean regions, the picoplankton fraction was found to be a major contributor to primary production (h , Glover et al. 1985 . When coccoid cyanobacteria are greater than 80 O/O of the picoplankton biomass, the size-fractionation of 14C bottle incubations may give a valid measure of Synechococcus production (Glover et al. 1986 ). In some cases, however, this method may not be feasible, such as in coastal regions, or when eukaryotic picoplankton (Johnson & Sieburth 1982) are abundant.
There is also concern that bottle incubations may lead to systematic errors in determining productivity such that production will be underestimated (Gieskes et al. 1979 , Carpenter & Lively 1980 , Peterson 1980 , Prezelin et al. 1986b .
The goal of this study was to develop a method baseu on direct cell counts to determine cell-specific estimates of Synechococcus growth. Direct counts of the increase in cell number is one means of obtaining a specific growth rate, but this rate most likely would be an underestimate because it would not account for grazing (Landry & Hassett 1982) . Heterotrophic nanoplankton (the presumed grazers of picoplankton) can be eliminated by prefiltration or by dilution of the sample with cell-free water to reduce grazing pressure. Both of these techniques have been employed successfully by some investigators to estimate microbial growth rates (Landry et al. 1984 , Wright & Coffin 1984 (Furgeson et al. 1984 , Fuhrman & Bell 1985 . Dilution techniques, or other preincubation rnanipulations, therefore, may alter available pools of nutrients and cause significant changes in microbial growth rates.
To avoid methods that require incubatlons or any experimental manipulations, the frequency of dividing cells (FDC) technique was used in t h s study. The FDC method for determination of microbial growth rates proposed by Hagstrijm et al. (1979) is based upon the relation between the number of cells in a given stage of division and the growth rate, and it has been applied by many microbial ecologists (Newell & Christian 1981 , Hanson et al. 1983 , Riemann & Sondergaard 1984 . Phytoplankton ecologists have used a mitotic index derived for populations growing on 1ight:dark cycles (Weiler & Chisholm 1976 , Weiler & Eppley 1979 . Synechococcus populations were found to divide periodically (Waterbury 1984, this study) , so the equation of McDuff & Chisholm (1982) , which was derived for a population grown under a 1ight:dark cycle, was used to calculate the growth rate:
where p = specific growth rate (d-l); fi = fraction of dividing cells for a given sampling interval; n = number of sampling intervals; and td = duration of cell division. Because Synechococcus spp. are prokaryotes, dividing cells are counted Instead of dividing nuclei, as in the mitotic index (Weiler & Chisholm 1976) . To calculate growth rates from FDC data, 3 assumptions are made: (1) the duration of division (td) is constant with respect to changing environmental conditions; (2) td is identical for all cells in a population, and (3) all cells in a population are active. In this first investigation of the use of the FDC technique to measure growth rates of Synechococcus, we address the first of these assumptions.
The results reported here are observations of the die1 patterns of cell divisions of Synechococcus spp. in culture and in natural populations. The duration of division was calculated in laboratory experiments and this value was used to estimate the growth rates of in situ populations of Synechococcus and the growth rates of incubated populations from time-course experiments.
MATERIALS AND METHODS
Strains. Two strains of marine phycoerythrin-dominant Synechococcus spp., WH7803 (Sargasso Sea isolate) and WH8107 (continental shelf isolate), from the collection of John Waterbury (Woods Hole Oceanographic Instituhon) were chosen for study because they are representative of different serogroups (Campbell 1985) . For one experiment, 2 additional strains were used: WH8012, of similar size and of the same serogroup as WH7803; and WH8108, similar in size to WH8107 and also not of the WH7803 serogroup. Cultures were grown in polycarbonate flasks (Nalge) using f/2 medium (Guillard & Ryther 1962 ) minus s h c a but with additional Vitamin BI2 (20 pg 1-l).
Experimental growth conditions. To apply Equation (1) to determine specific division rates, it is necessary that td, the duration of cell division, be known and not vary with growth rate. For determination of td, strains were grown at each of 3 different temperatures (15, 20, 25 "C), under 2 or 3 different light intensities, and on a 14:10 light:dark cycle. The light period began at 0600 h. The light source (cool white, General Electric) was screened to obtain low, medium, and high intensities (6, 21, 55 pE m-' S-', respectively). Growth of WH7803 was reported to be saturated at 45 pE m-2 S-' (Morris & Glover 1981) ; however, photosynthetic carbon assimilation was saturated at 110 pE m-2 s-' (Morris & Glover 1981 , Cuhel & Waterbury 1984 . Exponentially growing cultures were acclimated to each experimental condition for 2 to 3 d. At 1000 h on Day 1 of an experiment, 10 m1 from the acclimated exponential-phase culture were inoculated into 2 replicate experimental flasks, each of which contained 90 m1 medium. Cell counts by epifluorescence were made at 1000 h each day to determine the specific growth rate (d-'). When the culture in the experimental flask again reached exponential growth (usually within 1 to 3 d), samples were taken at 2 h intervals from each replicate flask, preserved with 5 % buffered formalin, and stored protected from light at 4°C until counted. Slides were prepared by filtering an aliquot of each sample onto a 0.4 pm Nuclepore filter at < 100 mm Hg. The FDC percentage (fi) was calculated from the number of dividing cells in a total count of 300 to 400 cells. A cell was considered dividing from when the cell wall began invagination unhl 2 visibly distinct cells could be identified. Using the sum of In ( l +fi) and the calculated specific growth rate, Equation (1) was solved for td.
Field samphng. Experiments were conducted in 3 different oceanic regimes. In February 1984, on the R/V Atlantis 1 1 samples were collected from one Sargasso Sea station (30" 38' N. 76" 14' W) . During July and August 1984 on the R/V Cape Hatteras 3 stations in the Northwest Atlantic were occupied: 2 coastal stations, P1 and P3 (43"27' N, 68'36'W and 42'30' N, 69'30'W [Wilkinson Basin] , respectively), and a station within a warm core eddy (WCE), Station P2, (3g031'N, 66'20'W) The WCE station was assumed to be rep-resentahve of the Sargasso Sea (C. S. Yentsch pers. comm.). In March 1985 samples were collected from a blue water Caribbean site 10 km southwest of Puerto Rico (17"45' N, 66'52' W) .
For a 24 h period at each station, bucket samples were collected at 1 or 2 h intervals from the surface water to determine the die1 pattern of cell division and to measure an in sjtu growth rate. A 100 m1 volume was fixed with buffered formahn (5 final concentration), and refrigerated until counted.
In addition, on-deck experiments were conducted during the Sargasso Sea and Northwest Atlantic cruises from which FDC counts were made. On the Sargasso Sea cruise in February 1984, samples were collected with acid-cleaned (1.2N HCl) Go-Flo bottles (General Oceanics) from the surface and the 1 % light depth (estimated as 2.7 X Secchi depth). Duplicate 750 m1 volumes in Whirlpak bags were incubated in on-deck incubators cooled with running surface sea water and either screened for 1 O/O incident light, or not screened for surface hght intensity. Time-course experiments began about an hour after dawn and continued for 12 to 24 h. Two 50 m1 subsamples were removed at 4 or 6 h intervals and preserved with 5 % buffered formalin.
On the Northwest Atlantic cruise in July-August 1984, samples were collected from the depth of maximum cell abundance (at the surface at the coastal station [PI] ; at the chlorophyll maximum depth at the WCE station [P2]) and were incubated as above. All incubations began at dawn (except on July 22, when the experiment began at 2200 h) and continued for 18 to 24 h with subsamples taken at 6 h intervals. For comparison, FDC data were also collected from several large volume experiments in which 220 1 were incubated on board ship (Prezelin et al. 1986a) . Water for these vat experiments was pumped from the sampling depth at 0300 h on the day of the experiment.
All preserved samples were refrigerated and protected from light until counted (within 2 wk). To count the sample, duplicate volumes were filtered onto stained (2 % Irgalan Black) 0.4 pm Nuclepore filters and enumerated as described above for laboratory experiments.
Calculations. Specific growth rates (d-') from FDC data were calculated using Equation (1) and assuming a td of 3 h (0.125 d ) . The number of sampling intervals, n, varied among experiments. In situ growth rates at the Sargasso and Caribbean sites were calculated from hourly samples, so that n = 24. However, at the Northwest Atlantic stations samples were collected at 2 h intervals, so that n = 12. For the incubation experiments, sampling intervals varied from n = 4 for the Whirlpak incubations to n = 12 for the 220 1 vat experiments. For the few experiments of less than 24 h duration (i.e. lacking the early morning time points), the percentage of dividing cells for this interval was estimated from the in situ value at the corresponding hour; this percentage was always low (2 to 4 O h ) .
Instantaneous growth rates, k (d-l), were calculated for the February 1984 Sargasso Sea experiments from:
where No = cell abundance at t = 0 (dawn); NI = cell abundance at the peak of division; t = duration of growth experiment (h). To obtain a daily rate, this hourly rate was multiplied by the number of daylight hours (11 h).
RESULTS
The various conditions of light and temperature in laboratory experiments provided a range of specific growth rates from 0.10 to 1.02 d-' (Table 1) . The most rapid rates occurred at the highest temperature (25 "C) and light intensity (55 PE m-* S-'). In an additional experiment with Strain WH7803, growth rates were measured at several higher light intensities to determine the light-saturated growth rate at 25°C (Fig. 1) . Saturating light intensity for the WH7803 serogroup was calculated using the model from Gallegos & Platt (1981) , in which photoinhibition is ignored. The data were fit using the iterative curve fitting program of Caceci & Cacheris (1984) . (It was assumed that this photosynthesis model was appropriate for growth data.) The predicted saturating Light intensity was 33 pE m-' S-', and the maximum specific growth rate was l . l l d-l. The saturating light intensity observed here was lower than reported by Moms & Glover (1981), but their rates were calculated from experiments conducted under constant dumination.
Die1 patterns of cell division in laboratory cultures
Most cultures exhibited a diel pattern in the timing of cell division (Fig. 2 a to f) . For Strain WH7803, the maximum number of dividing cells occurred between 10 and 12 h after the start of the light period ( Fig. 2a to  c HOURS ( e s t ) 20 "C flask (Fig. 2b) . The magnitude of the peak varied with the growth rate of the cultures. At the fastest growth rate (0.90 d-l, Fig. 2a ), the maximum in the percentage of dividing cells was 22 %, but a large fraction of the cells were observed as dividing all day and after the light period ended. For slower growth rates, <0.69 d-' (equivalent to < 1 division d-l), the periodicity of division was more pronounced, I.e. confined to a 2 to 4 h period, and the maximum percentage of dividing cells was correspondingly lower (Fig.  2b, c) .
Cultures of WH8107 also showed a pattern in the timing of cell division when grown at 20°C, but the peak of division followed 14 h after the start of the light period. In contrast, at 21 and 55 pE m-2 S-' light intensities at 25 "C, the percentage of dividing cells became fairly constant (Fig. 2d) ; this was true for WH8108 also (unpubl. data). The peak of division for Strain WH8012 (Fig. 2f ) occurred later than the other strains (16 to 18 h after the light period began). Unlike the other strains, at the higher specific growth rates (0.75 and 1.02 d-') the percentage of dividing WH8012 cells was not constant throughout the cycle and at the lowest light intensity a marked periodicity was not evident.
In summary, from our laboratory studies it was found that a diel pattern in cell division exists for Synechococcus spp. in most cases. The maximum percentage of dividing cells occurred from 8 to 18 h after the beginning of the light period, and the timing of this maximum varied among clones of Synechococcus. In general, for cultures at growth rates faster than 0.69 d-' (equivalent to 1 division d-l), the maximum percentage of dividing cells was greater than 12 % and the percentage remained high throughout much of the night. At growth rates less than 1 division d-l, the maximum in the frequency of dividing cells was confined to a shorter interval. The exception to this pattern was Strain WH8012, for which the percentage of dividing cells at 25°C was fairly constant at low growth rate only (Fig. 2f) . 
Laboratory studies for determination of duration of division Diel patterns of cell division in field populations
For Strains WH7803 and WH8012 the duration of In field populations, a diel pattern of cell division division, td, was approximately 3 h at temperatures was also observed (Fig. 3a to c) . At the tropical and greater than 15 "C and specific growth rates exceeding subtropical stahons (February 1984 Sargasso Sea sta-0.4 d-' (Fig. 4) value was between 5 and 6 h, and there was considerably more variation among these td measurements than for the td of the 7803-serogroup strains. Cells tended to form chains, rather than separate after division, so the percentage of dividing cells may have been overestimated, thus causing the estimate of td to be too long.
Growth rates of field populations by the FDC technique
The in situ division patterns for most Synechococcus populations showed a strong die1 pattern. Thus, we expected the populations were active and growth could be calculated using the FDC technique with a td of 3 h. Estimates of in situ growth rates for surface populations at aU stations ranged from 0.45 to 0.73 (Table 2 ). The highest rate was observed at the Sargasso Sea station, February 1984 (Table 2) . Hourly surface samples were counted, but the sampling was incomplete, so estimated FDC values for the 2200 to 0500 h interval were used. The in situ specific growth rate for surface populations at the Caribbean station (Table 2) . Again, this calculation was based on hourly counts for 0900 to 2300 h, but counts (2.5 %) for the 2400 to 0800 h were estimated ( Fig. 3c) . At the Northwest Atlantic coastal stations (P1 and P3), the in situ growth rates for surface Synechococcus populations (Fig. 3b) were slower than at the Sargasso station (Table 2 ). Our estimated td may not be accurate at Station P1 because of the cold water temperature and the absence of the 7803-serogroup (Glover et al. 1986 ). In situ data were not available from the WCE (P2) station.
In the on-deck incubation experiments conducted during the February 1984 Sargasso Sea cruise, specific growth rates based on FDC counts, assuming a td of 3 h, varied from 0.15 to 0.82 d-' (Table 3) . A strong correlation was observed between growth rates calculated from FDC data and instantaneous growth rates calculated from cell counts of the same samples using Equation (2) (r = 0.81; p<0.01, dF = 13) (Fig. 5) . The line drawn in Fig. 5 shows a hypothetical 1:l correlation. Almost all FDC estimates were higher than the instantaneous growth rates because the latter estimates did not account for grazing. Growth rates were highest in samples incubated at surface light intensity (I,) (Table 3) . On average, rates at 1 % I, were only 30 to 40 ?h of the rates measured at surface intensities. Also, the growth rates were higher on sunny days (9 to 13 February) than on stormy days (5 to 7 February) ( Table 3 ). The water column was very well mixed, so that cells were distributed evenly in the upper 80 m (10 to 25 X 1O6 cells 1-l) and temperature was 22°C.
At all 3 Northwest Atlantic stations, on-board expenments were conducted to estimate growth rate by the FDC technique (Table 4 ) . At both coastal stations, P1 and P3, the growth rates for a surface sample incubated at 80 % I, were in fairly close agreement with the in situ surface growth rates ( * 4 Oh), but a wider discre- Fig. 5 . Synechococcus spp. Comparison of growth rate estimates at a Sargasso Sea station in Feb 1984. Significant correlation (pC0.05) was found between growth rates (d.') measured by the frequency of dividing cells (FDC) technique and the instantaneous daily growth rate calculated from cell counts for the same samples using Eq. (2). Solid line is a predicted 1.1 relation; most data points are above this line, which indicates the FDC estimates are higher than the instantaneous rates, where grazing is not accounted for in the experiment pancy between estimates was noted at the Wilkinson's Basin station (P3). Again, as in February 1984, at the Sargasso Sea station (P2) the growth rates were higher for the samples incubated at surface light intensities (80 % 1") than those incubated at 1 % I. (Table 4 ). The surface light intensity at Stations P2 and P3 was 925 pE m-2 s -~ (C. S. Yentsch pers, comm.). From Fig. 1 , the predicted growth rate at 9.25 FE m-' S-' (the 1 O/ O Light level) would be approximately 28 % of the maximum predicted growth rate. This agrees closely with our observations in the Sargasso Sea, where growth rates at the 1 % light level were approximately 25 O/ O of the surface growth rate. Light data were not available for other stations. Growth rate estimates from incubated samples at the WCE station were within the same range as our growth estimates for the Sargasso and Caribbean Seas (Table 2) . In all cases, growth rates were higher for populations incubated at surface intensities. The measured specific growth rates ranged from 0.42 to 0.86 d-', which is 38 to 77 % of the maximal rate measured in the laboratory for the 7803 serogroup (Fig. l) . 
DISCUSSION
The observed diel pattern of cell division in cultures of PE-containing Synechococcus spp. is similar to patterns observed for synchronous eukaryotic algae (Weiler & Eppley 1979 , Chisholm 1981 , Edmunds & Adams 1981 . The timing of the peak of dividing cells observed in our cultures (Fig. 2a to c) is similar to the pattern of cell division rates reported by Lorenzen (cited in Chisholm 1981) , who found that the cell division rate increased during the light period, reached a maximum at the end, and declined during the dark. These patterns appear to be consistent with the photosynthetic activity of Synechococcus Strain WH7803, in which photosynthesis ceases when the culture is removed from the light (Waterbury unpubl.) . At growth rates greater than 1 division d-', the percentage of dividing cells remained high for a longer interval. When growth was saturated, for example, in the case of WH8107 at 25°C (unpubl. data), cells no longer exhibited phased division (Fig.  2d ). This lack of periodicity was also observed for Euglena gracilis when growth rates were greater than 1 division d-' (Edmunds & Adams 1981) .
The accuracy of the FDC technique for measuring growth rate depends on 3 assumptions: (1) the duratlon of division, td, is constant under varying conditions; (2) td is identical for all cells in a population; and (3) all cells in a population are active. In our experiments to investigate the constancy of td, this assumption holds at temperatures above 15°C and at specific growth rates greater than 0.4 d-' (Fig. 4) . The results for the 2 Sargasso strains WH7803 and WH8012 did not vary significantly, thus 3 h appears to be a reasonable estlmate of t, for this serogroup. The WH8107 cells which w e observed remaining together as chains exhibited a condition which is rarely, if ever, seen in natural popul a t i o n~ of PE-Synechococcus. Thus, the chains may have been an artifact of the culture conditions, which would have caused the 5 to 6 h estimate of td to be incorrect. Additional data are necessary to determine if td is the same for all Synechococcus clones. If td does vary among Synechococcus clones, then the species composition of the population should be determined before using the FDC technique. At our field stations, the 7803 serogroup was present at the WCE and Caribbean sites, but was absent at the Northwest Atlantic coastal stations. The time at which the peak of division occurs may also vary among clones (Fig. 2a to f ) , and although this does not affect the calculation of growth rate, it should be known when designing sampling intervals for in situ studies.
The other assumptions were not tested directly in our experiments. Other investigators have shown that the duration of division in light-limited cultures of Anacystis nidulans did vary among ceUs in a population because the division cycle appeared to arrest during the dark penod (Herdman et al. 1970) . The results of Waterbury (unpubl.) suggest a similar pattern may exist in the marine Synechococcus WH7803. Our results for hght-limited cultures of WH7803 at growth rates less than 1 division d-' show that the percentage of dividing cells falls to approximately 4 "10 in the dark period following the peak in division (Fig. 2a to c) . This suggests that most cells of the populations are completing division. Under conditions other than those of our experiment, however, a different pattern might be observed. Factors other than growth rate (such a nutrient conditions) are known to affect the division pattern of diatoms (Chisholm & Costello 1980) , and may influence the division pattern of Synechococcus spp. (Prezelin et al. 1986a) .
Lastly, all cells of a population must be metabolically active; otherwise growth rate will be underestimated by the FDC technique. Because only Synechococcus cells are counted, this is probably not as serious a problem as when estimating the growth rate for the microbial community as a whole using FDC data from direct counts by the acridine orange technique. To test this assumption in future experiments, however, autoradiography can be used to assess the percentage of metabolically active cells ( h e m a n n et al. 1984). Alternatively, FDC counts can be made from immunofluorescently labelled cells (Carnpbell et al. 1983 ) to estimate strain-specific growth rates and to observe any differences in growth rates among strains. The effect of grazing may also cause the FDC-based growth rate to be underestimated. If the grazing pressure on dividing cells is greater (because they are physically bigger), then the fraction of dividing cells would be underestimated.
Given the uncertainties, the FDC technique cannot be applied in all cases. However, in oceanic regions where water temperature is greater than 15"C, where populations exhibit a strong diel periodicity in division, and the percentage of dividing cells is low overnight, the FDC approach can provide a reasonable estimate of growth rate for natural populations of Synechococcus spp. Our observed growth rates in some cases approached the maximal growth rates measured in the laboratory. The growth rates for Synechococcus spp. estimated in this study (approximately 1 division d-l) are several times faster than prevlous estimates for phytoplankton in oligotrophic regions (0.2 divisions d-l; Eppley 1980) and a prevlous estimate of Synechococcus growth rate (0.2 division d-l; Platt et al. 1983) . Because cyanobacteria are a large component of the biomass in oligotrophic reqons of the ocean, our results lend increased support to the concept of a dynamic open-ocean phytoplankton community (Coldrnan et al. 1979 , Goldman 1980 . It is also interesting to note that, in most cases, growth rates were higher for samples incubated at surface light intensities than at 1 % I" light levels. Results from concurrent experiments on the Northwest Atlantic cruise in July-August 1984, indicated that the Synechococcus populations collected at the surface were not photoinhibited (Prezelin et al. 198613) . Thus, although these organisms are capable of photosynthesis at very low light levels, maximal growth rates may be realized at higher Light levels. Maximum cell abundance at the Wilkinson Basin station occurred at 18 % I,, (15 m), which was coincident with the depth of the maximum in situ primary productivity (Glover et al. 1986 ). For analogous populations in freshwater systems, similar photosynthetic responses have been observed. Ultraplankton dominates at the base of the euphotic zone and at aphotic depths in Lake Tahoe (Paerl et al. 1976 , Vincent & Goldman 1980 . Although this population, which includes cyanobacteria, is adapted to extremely low light levels, it is able to photosynthesize at surface light intensities (Tilzer et al. 1977 ). It will be interesting to observe the variation of Synechococcus spp, growth rates with depth in the water column using the FDC technique, and to determine how growth rate varies with respect to in situ light levels.
By using the FDC technique, the artifacts which hinder traditional growth rate measurements (selective grazing, nutrient depletion, toxicity, unknown bottle effects) can be avoided because the sample is not incubated. Other advantages of this method are: (1) individual cyanobacteria can be recognized easily by epifluorescence microscopy and cell division is quite obvious; (2) counts can be made from preserved material so immediate observation is not necessary; and (3) estimates are specific for Synechococcus. Thus, when applied in appropriate conditions, the FDC technique can provide a species-specific growth rate measurement.
